Knee joint prostheses are commonly employed for therapy in over-use disorder, and as a result of traffic accident and sports injuries. However, errors that can occur due to their use need to be defined. In order to determine the types and rates of wear that might occur in prosthetic components, wear tests were performed in knee joint simulators that mimiced knee joint motion. In this study, the wear was specifically examined in ultra high molecular weight polyethylene (UHMWPE) insert material in the four-axis knee joint prosthesis wear test simulator, and the causes for it were examined. Wear tests were performed for 3 different cycles, 1 × 10 6 , 2 × 10 6 and 3 × 10 6 . Following wear tests, microscopic images, and mass loss and surface roughness measurements were taken from the UHMWPE insert condyle surface. With an increase in the number of cycles, pitting wear, scratches, agglomerated particles and delamination were seen more clearly on the UHMWPE material surface, due to repetitive forces on different axes. In addition, surface roughness measurements taken from worn surfaces increased the with the number of cycles, and flexion/extension (F/E) motion range increased with surface roughness. Wear rates in the medial region of the UHMWPE insert were higher than in the lateral region.
Introduction
Total knee prostheses are made of metal and polyethylene materials, creating an artificial joint designed for painless joint movement. With newer implant designs and improved surgical techniques, total knee replacements can be expected to function well for at least 20 to 25 years [1, 2] . However, due to repeated loads conditions of use and stresses on differ-ent axes, certain wear mechanisms impinge on the prosthetic components. When previous studies are examined, it is seen that the most wear occurred in the UHMWPE insert component [1] . These wear mechanisms on the UHMWPE insert component are pitting wear, delamination, scratches, agglomerated particles and mass losses [1, 2] . The most important reason for wear is repetitive loads and the resulting stresses Dynamic in vitro tests are performed outside the body environment in order to determine wear mechanisms before surgery [1], attracting the attention of the orthopedics community. Wear test simulators have been used to detect errors in many knee joint prostheses designed to date and also determine the approximate life of the prosthesis. Previous studies have been carried out to detect wear on the UHMWPE insert material using different types of knee joint simulator (Table 1) [3] [4] [5] [6] [7] [8] [9] [10] . The most important of the studies are those with simulators that reflect the effects of soft tissue structure involved in joint movement. However, in these tests movement at the knee joint is only applied in certain axes [9, 10] .
The similarity of movement of the device for measuring wear to that of the joint is important for the accuracy of the results. Therefore, the ability to observe the effects of muscles, soft tissues and ligaments surrounding the joint are important parameters in obtaining high accuracy data [11] . Previous studies have used springs for studying soft tissue behaviour [3, 4] . However, the effects of soft tissue and tendons during movement have generally been ignored in simulators used in wear tests. As a result, reliable wear results have not been obtained.
In this study, the tibial rotation and axial force movements in the simulator are determined from the tibial component, while the F/E and anterior/posterior (A/P) motions are given from the femur component. Unlike previous studies, a knee joint wear test simulator, which exhibited soft tissue behaviour by using springs in axial force and A/P motions, was used. Wear tests were carried out for 3 different cycles, 1 × 10 6 , 2 × 10 6 and 3 × 10 6 . In this way, the types and rates of wear occurring in the polyethylene material were determined. In addition, previous studies were discussed and the effects of soft tissue behaviour on prosthetic wear were determined.
2.
Materials and methods
Knee joint biomechanics and wear simulator design
In the ISO 14243-3 test standard, 4 different axes and motion pairs were specified for the knee joint simulator. These were axial force, tibial rotation, anterior/posterior (A/P) motion and flexion/extension (F/E) motion [12] . The prosthetic components and directions of motion are given in Fig. 1 . The F/E motion and A/P motion were given from the femur component, the tibial rotation and the axial force movement were given from the tibial component. In another phase of the design, engines were selected for the load and displacement of 4 different motion pairs. Servo motors (1.5 kW and 0.75 kW) were used to perform F/E and tibial rotation motions with high precision. For the axial force and A/P linear motions, linear actuators were used to convert the circular motion from the DC motor to linear motion (500 N and 2500 N). 
Data input for total knee joint prosthesis wear simulator
The study was set up to enable the motors to implement the required standardized ISO 14243-3 standard motion. Motion profiles determined to complete a cycle within 2 seconds are given in Fig. 2 . The tibial rotation was performed at 0 • -5.7 • (Fig. 2a ). The F/E motion value was applied at 0 • -58 • (Fig. 2b ). These 2 motion profiles were obtained according to the displacement values of the knee joint in the gait cycle, based on the ISO 14243-3 standard.
Linear actuators used for A/P and axial force motion were operated with position control. In the axial force motion profile, the maximum value was 2400 N ( Fig. 2c ). Another movement profile, A/P motion, was limited to a maximum of 5.2 mm. Since linear actuators did not work as precisely as servo motors, motion profiles were created taking into account the maximum values given in the ISO 14243-3 standard ( Fig. 2c-d ).
Control operation was performed for the motors used according to the motion profiles given in Fig. 2 . Programmable logic control (PLC) was used for servo motors during the control phase. Limit switches and relays were used for the control of linear actuators. In this way, A/P and axial force motions were run between distances based on ISO 14243-3 test values. Finally, the number of cycles required for the test was determined by the number of steps a healthy person would take daily, and by taking into account when critical wear occurred. Therefore, tests were performed for 1 × 10 6 , 2 × 10 6 and 3 × 10 6 cycles. A size 5 ligament protective knee joint prosthesis was used by 3 test specimens ( Fig. 3 ). Tests were performed in an environment without body fluid. The wear test parameters are given in Table 2 . 
Measurement of surface defects, wear rate and surface roughness
It was important to determine the errors that might occur in the prostheses used for experimentation. For the knee joint prosthesis, the defects caused by wear were mostly in the UHMWPE component. The most common types of defects previously reported were pitting wear, oxidation, agglomerated particles, delamination and scratches of the UHMWPE material [2] . Therefore, measurements were designed to analyse these components, as described below.
Following testing, defects on the surface were examined both micro and macroscopically. A LEICA microscope and LEO-EVO 40 scanning electron microscope (SEM) were used to obtain images at different magnifications (50×, 100×, 250×, 500× and 1000×) from the medial and lateral regions. The images were taken for each of the tests performed at the 3 different cycles. The measurements were taken from the regions where the wear rates were highest, as described in the literature (Fig. 4) .
The amount of wear occurring in the UHMWPE component was measured according to the gravimetric method [13] . The mass losses of UHMWPE material of the 3 knee joint prostheses used during the test were measured in milligrams on precision scales. Surface roughness of the UHMWPE surface was measured with a MITUTOYO SJ-210 surface roughness tester, operated at a probe feed rate of 0.5 mm/s and cut off at 0.8 mm. The medial (M) and lateral (L) regions of the UHMWPE component were measured for surface roughness. In addition, due to the greater freedom and femoral roll-back of motion in the medial region than in the lateral region, 4 different flexion angles were measured (Fig. 5) . In order to assess the repro-ducibility of the surface roughness values, 3 measurements were taken for both methods.
Result and discussion
As different cycle numbers were found to have significantly different effects on surface defects and surface roughness of the UHMWPE component, these aspects were discussed separately, below.
Surface defects and wear rate
As a result of abrasion tests performed for different cycle numbers, pitting wear, scratches and agglomerated particles were formed in UHMWPE insert condyles. While tests were performed with 3 different prostheses, microscopy images were taken from a single prosthesis. In addition, measurements of wear were taken from the same regions of the insert. Pitting wear on the surface of the insert was distinctly increased by the number of cycles (Fig. 6 ). The formation of pitting wear was evaluated at 3 stages. First level pitting wear appeared as traces under the surface, as a result of 1 × 10 6 cycles (Fig. 6a ). With an increase in the number of cycles, the wear marksbecame more distinct and second level pitting was found ( Fig. 6b ). At this stage, an increase in the stresses under the surface of the contact areas of the UHMWPE insert and the femur component were evident. In Fig. 6c , the wear marks showed growth due to the mechanical properties of the UHMWPE material, and the particles begin to break after a determined stress value. This produced the third level level of the wear, due to stresses in different axes on the surface or under the surface, resulting in continuously growing cracks [2, 14, 15] .
SEM images showed that the same directional scratches were formed with A/P motion (Fig. 7a ). Particles separated from polyethylene and metal materials as well as from bone cement, which were loosened by repeated load, resulted in scratch formation. Particulates formed distinct scratches due to both pressure and friction on the surface, with the component force generated by a combination of A/P and F/E motion between the UHMWPE and the femur components [16, 17] . In addition, scratches were wider on the medial region compared to the lateral region. On average those in the lateral region measured 9.1 m and those in the medial region 12.2 m (Fig. 7b) . This difference was due to both the load imbalance caused by the body mechanical axis and the greater mobility of the medial region compared to the lateral region during joint motion. In addition, significant scratches were observed in the femoral component condyles corresponding to the UHMWPE insert component condyles (Fig. 8 ). This indicated that the scratches in the insert conduits were caused by movement between the femur and the insert component. The other consequence of scratch formation was delamination. This was due to tangential growth of cracks on the UHMWPE insert condyle surfaces (Fig. 9 ).
In the microscope images, significant wear marks were observed in the anterior areas of both condyle surfaces of the UHMWPE insert (Fig. 10) . In cases where the F/E motion angle increased due to knee joint kinematics, the tibia joint moved in the anterior direction due to femoral roll-back motion. With this movement, the load increased in the anterior region due to the effect of the axial force. Due to the mechanical properties of the UHMWPE material as a result of repeated loads, deformations occurred on the condyle surfaces above a certain setback value. This resulted in wear marks in the anterior region of the UHMWPE insert component. Previous studies have also indicated that extensive wear occurred in the ante- rior areas of the lateral and medial condyles of the UHMWPE insert material [18, 19] .
Large amounts of agglomerated particles formed on the condyle surfaces of the UHMWPE material in the A/P motion direction (Fig. 11 ). This structure was the result of 2 or more particles interacting with each other [20] . The main reason for this structure, formed at the particle-sub-layer interface by a continuous increase in deformability due to use, could be explained by the aggregation of polymer matrices. This resulted in a non-uniform formation. Similar results have previously been observed in studies on UHMWPE wear [20] [21] [22] .
As a result of the abrasions occurring in the UHMWPE material, particle breaks were observed in the condyle surfaces. Due to the fracture particles, mass loss occurred in the insert component. Minimum mass loss was 1.25 mg and the maximum mass loss was 3.91 mg for 3 different UHMWPE materials as a result of 3 different cycles (Fig. 12 ). In the first stage of wear, the loss of mass occurred due to the rapid increase in load and the resulting fatigue. In the second stage, the size of the pits in the wear areas and the loss in mass gradually increased. However, the rate of increase in mass loss was slower than the first stage. In the last stage, cracks in both the fatigue wear zones and the newly formed areas grew and mass loss increased. When the loss of mass exceeded a certain value, the knee joint prosthesis was unable to perform its prescribed function. These findings on the wear of UHMWPE material was consistent with previous studies [2, 6] . The rate of mass loss was higher in simulators that did not take into account soft tissue behaviour [8] .
Surface roughness
Roughness measurements taken from the medial and lateral condyle surfaces of the UHMWPE component showed an increase in surface quality with an increase in number of cycles ( Fig. 13 ). Maximum and minimum surface roughness were 3.688 m and 2.392 m, respectively. With an increase in the number of cycles, surface quality deterioration occurred as a result of gradually increasing pitting wear, scratches and agglomerated particles on the UHMWPE condyle surfaces.
In the procedure specified in the ISO14243-3 standard, the insert component should be assembled with the femur approximately 0.07 times the width of the axis as the insert [13] . Due to this, more load impinged on the medial areas [16] ; therefore, load had a greater effect on this region during motion. As a result, it was understood that the condyles in the femur component did not evenly distribute the load on the insert.
Another result from the roughness measurements was the increase in surface roughness due to an increase in F/E motion angle (Fig. 14) . This was related with femoral roll-back motion as defined previously for knee joints [2, 11] . Due to this movement, the frictional force caused by the increase in pressure applied to the insert surface by the femur component increased. As a result, particle breakage was increased due to the effect of contact pressure on the surface [23, 24] . Concommitantly, surface quality deteriorated as a result of breakage particles.
Conclusion
In this study, a knee joint prosthesis wear test simulator was used to assess the wear performance of UHMWPE material in knee joint prostheses under periodic loads. In addition, the mechanisms of error in the UHMWPE material subjected to the knee joint simulator were examined. The experimental data obtained were as follows:
1 With an increase in the number of cycles, loss of mass resulting from wear of the UHMWPE material increased. 2 With an increase in the number of cycles, pitting wear on the surfaces of the UHMWPE material became more evident.
In addition, wear rate in the anterior region was greater than in the posterior region. 3 Agglomerated particles were formed in the direction of A/P motion. 4 In the medial and lateral regions of the UHMWPE material, surface roughness increased with an increase in the number of cycles. 5 An increase in the F/E angle increased wear on the surface. 6 Surface roughness was greater in the medial region than in the lateral region. 7 Increased surface roughness was due to an increased F/E angle.
In summary, the results supported literature data. However, more accurate results have been obtained in terms of the ratio of hand and wear zones, wear types, numerical data and human walk approach. In future studies, it will be an important reference for the design of knee joint prosthesis in different geometries by testing the knee joint prostheses in different geometries and the results obtained from the simulator to improve wear zones and sizes as a result of tests.
